The latest re-acquisition of IKAROS, which rebooted after hibernation mode, was achieved on April 23, 2015. In this re-acquisition, post-processing of open-loop tracking data was performed to search for IKAROS. The open-loop method enables signal processing, even under difficult communication conditions. The algorithm for processing open-loop tracking data is proposed and is applied for actual signal from IKAROS. It is demonstrated that the signal can be well analyzed by removing the Doppler shift effect because of the orbital and spinning motion of IKAROS, even when the signal is too weak to be acquired by real-time operation. Using the method proposed in this study, estimating the spinning motion of a spacecraft and acquiring various data are possible as well as detecting signal. This research can be applied not only to a spinning-type spacecraft, such as IKAROS, but also to those with uncertain attitudes.
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Introduction
IKAROS is the world's first interplanetary solar sail spacecraft and was launched by JAXA in 2010. It successfully completed all of its nominal missions and has continued to operate in additional missions (Fig. 1) . However, IKAROS ran out of propellant for attitude control, and thus it is no longer able to control its attitude. Consequently, IKAROS shifted to hibernation mode and lost communication with ground stations in January 2012 because of a lack of solar power. IKAROS subsequently became capable of generating sufficient power again because of a decrease in the sun angle, and eventually, communication was re-established in September 2012. 1) This occurred because of the search operation that was used to predict the attitude motion of IKAROS, which can be changed dynamically by solar radiation pressure (SRP). The hibernation mode and re-acquisition were later repeated, and IKAROS was re-acquired again on April 23, 2015. Although this was the fourth acquisition, success was achieved in a different way than in the previous three times.
The latest re-acquisition was achieved by the off-line post-processing of data stored by an open-loop recorder. Unlike closed-loop, real-time signal detection, open-loop recording enables repeating signal processing many times under different conditions. This capability can be highly advantageous when signals are weaker, less stable, or at a different frequency than expected, and thus open-loop recording has been used in several deep space missions. 2) For example, it was used in a radio science mission of the Galileo probe during its entry into the Jovian atmosphere. 3) Additionally, the Mars Exploration Rovers used open-loop recording for communication during the entry, descent and landing phases. 4) In these two examples, open-loop systems handled the uncertainty in the spacecraft motion and frequency shifts caused by the atmosphere. Open-loop recording is also used for very long baseline interferometry to determine the delay of quasar or spacecraft signals. 5) In this research, the use of open-loop tracking data to search for a lost spacecraft is proposed. In the search operation for IKAROS, open-loop recording was useful because uncertainty exists in the spacecraft motion because of SRP. Moreover, the post-processing of open-loop tracking data enables complex and iterative signal processing to remove the Doppler shift effect caused by the spinning motion of the spacecraft, which is called spin modulation. Using this method, the orbital and spinning motion of a spinning spacecraft can be estimated accurately, even under difficult communication conditions, such as weak signals and large spin rates. In addition, despite such severe conditions, the decoding of ranging or telemetry data may be possible with an open-loop recording method.
The method proposed here can be applied not only to a spinning-type spacecraft but also to one whose attitude is uncertain because of some problems. Therefore, this method can provide flexibility and redundancy in spacecraft operation.
Outline of Search Operation
Difficulty in operation of IKAROS
The solar sail spacecraft IKAROS has a cylindrical body and a square sail membrane with a surface of approximately 200 m 2 , as shown in Fig. 2. 1)
The large sail membrane of IKAROS enables the solar photon acceleration by SRP because of the reflectivity of the aluminum evaporated on the surface of the membrane. IKAROS is a spinning-type solar sail, and the extension of the large sail is maintained by the centrifugal force generated by the spinning motion of the spacecraft. Such a spinning-type solar sail does not require masts to sustain a large membrane, and thus, the weight of a spacecraft is minimized.
These characteristics of IKAROS cause difficulties regarding communication. First, IKAROS is accelerated by SRP, and its attitude is varied everyday by SRP torque, which affects its orbital motion. Therefore, it is difficult to accurately predict the IKAROS's orbit. Consequently, after having lost communication with a ground station, the re-establishment of communication is highly difficult.
Another difficulty is related to the spinning motion of the spacecraft. As shown in Fig. 2 , there are four antennas mounted on IKAROS, two of which are LGAs used for normal operation because of their broader beam width. These antennas are fixed on the body without despin mechanisms, and thus, the signals from the spacecraft includes spin modulation effects because the difference between the spin axis and the antenna boresight. This spin modulation effect makes it difficult to decode data or even detect a signal from the spacecraft, especially when the spin rate is high. Moreover, the spinning motion is also affected by SRP, and the spinning state is difficult to predict; as a result, the estimation of the spin modulation effect also becomes difficult.
The open-loop recording method proposed in this study enables communication with the spacecraft, even under such severe conditions.
Communication requirements
To communicate with IKAROS, the following conditions must be satisfied. 1) 1. Sun angle: less than 60 deg 2. Earth angle: less than 80 deg 3. Pointing error of a ground antenna: less than 0.015 deg Here, the definitions of the Sun and Earth angles are given in Fig. 3 .
The first requirement is needed for the solar arrays on the top of the body to generate sufficient power. During hibernation mode, if this condition is satisfied, IKAROS reboots automatically and can communicate with a ground station. It should be noted that the upper limit of the sun angle varies according to several factors, including the solar distance and the age and temperature of the solar arrays.
The second requirement is needed for the antenna of IKAROS to point in the direction of the Earth. This Earth angle restriction applies to one of the two LGAs mentioned in the previous section. As indicated in the introduction, IKAROS ran out of propellant for attitude control, and thus, whether these two requirements are satisfied depends completely on the natural motion of the spacecraft.
In addition to the antenna on the spacecraft, an antenna on a ground station must point in the correct direction; this is the third requirement. To satisfy this condition, the orbital motion and attitude motion of the spacecraft must be estimated with adequate accuracy. Another approach for this requirement is to try as many different antenna offset patterns as possible within the limited operation time; this approach can be efficiently implemented using the open-loop recording method proposed here. Based on this approach, IKAROS can be acquired, even when some ambiguity exists in the orbital and attitude predictions, as accomplished in the latest acquisition. Figure 4 shows the trajectory of IKAROS, and Fig. 5 shows the Sun and Earth angle histories. These figures contain information about the past and future. As of May 2015, IKAROS has been re-acquired four times. The yellow regions in Fig. 5 represent the periods when the Sun and Earth angle requirements stated in the previous section are satisfied. It should be noted that these regions are given based on calculations, and thus, do not necessarily match the days on which communication with IKAROS was actually achieved. Although the search operation is affected by several difficulties, as previously stated, the IKAROS operation team has successfully acquired and re-established communication after each hibernation mode so far. This research actually contributed to the latest re-acquisition, confirming that the proposed method is valid and highly useful.
Past search operation results
The next re-acquisition will be possible around November 2016, and at this time the Earth distance will be nearer than at any other past re-acquisition. Therefore, much more data concerning IKAROS are expected to be obtained.
Conventional Method
Discrete Fourier transform
To analyze the spectrum of a signal from a spacecraft, discrete Fourier transform (DFT) is widely used. Since the computation of DFT requires large calculation costs, an algorithm called fast Fourier transform (FFT) is typically applied.
Time series data of a discrete received signal can be expressed as
(1) where n I and n Q represent in-phase and quadrature components of the signal, respectively. The DFT performed on this signal is given as follows.
Here, N represents the number of DFT points and T represents the time length of the DFT, which are related to the sampling rate smp f as follows.
From Eqs. (3) and (4), the resolution band-width (RBW) is given by the following equation. 
Signal quality can be evaluated by the signal-to-noise ratio (SNR). In this paper, k SNR is given by the next equation and is used to compare the performance of each DFT.
where
To analyze the power spectrum of a whole signal whose frequency changes over time, each DFT is performed over a short time period and successively along the time axis. The period can be overlapped if necessary. This method is sometimes called short-time Fourier transform. In this period, the time of each DFT is defined as follows.
Even when a signal of a spacecraft is weak, or the SNR is large, in practice, the SNR can be improved by summing a successive power spectrum for a certain time period as shown in the following equation.
Here, this time period is called integration time and is expressed as follows.
The improved k SNR over some integration time can be obtained by replacing k P in Eq. (7) with k P in Eq. (10).
Problem
The analysis results obtained by applying DFT are given in this section. Figure 6 shows the analysis result of the actual signal from IKAROS on April 23, 2015, which is the day on which IKAROS was re-acquired. The signal processed in this analysis was a continuous wave, and thus, the signal intensity was relatively high. This figure is called a spectrogram and presents the time history of the power spectrum corresponding to each frequency component.
The upper spectrogram in Fig. 6 has a peak frequency trend which shifts over time. This Doppler shift is caused by the relative orbital motion of the spacecraft with respect to a ground station whose position changes according to the rotation of the Earth. The lower figure is a magnified image of a portion of the upper figure. The lower figure shows that the peak frequency shift mentioned above has a sinusoidal component because of the spin modulation resulting from the spinning motion of IKAROS. Therefore, the angular The points expressed as diamonds represent the dates when IKAROS was re-acquired. The terminal point of the trajectory represents the approximate date on which IKAROS will be next re-acquired. frequency of this sinusoidal shift is identical to the spin rate of the spacecraft. The calculation conditions used for the analysis shown in Fig. 6 are listed in Table 1 , which also presents the calculation conditions of the signal processing described below. It should be mentioned that in order to see a spin modulation effect, RBW f  must be sufficiently smaller than the spin amplitude of the spacecraft which is usually approximately 20-30 Hz. The integration time int t must also be sufficiently small relative to the time scale of the spinning motion of the spacecraft. For the window function, the Hamming window is used for all of the DFT analyses performed here.
Another result obtained by applying DFT to the open-loop tracking data from April 16, 2015, is shown in Fig. 7 . This was the day before communication with IKAROS was re-established. The communication subsystem of IKAROS is programmed to transmit a signal with modulation after rebooting from hibernation mode. Therefore, the signal from the space-craft is very weak before communication is established, and a command is uplinked to turn off the modulation.
Because of the weakness of the signal, no trend in the peak frequency appears in Fig. 7 . However, the following part shows that a trend can be seen in the same time-frequency space using improved algorithm. It can be concluded that the signal processing method involving DFT with small RBW and a short integration time is not suitable to directly trace a frequency shift as shown in Fig. 6 , when the signals are comparatively weak.
The search operation was actually performed on April 16, 2015, but the operation team was unable to identify a signal using a spectrum analyzer at a ground station. Thus, real-time signal processing has limitations that are basically the same as those described above.
Open-loop Recording Method
Concept
When the signal is very weak, a long integration time can be used to improve the SNR in practice. However, the frequency of a spinning-type spacecraft, such as IKAROS, changes over time because of orbital Doppler shift and spin modulation, and thus, the power of a signal disperse around a peak frequency when the integration time is long.
To solve this problem, a method to remove the orbital Doppler shift and spin modulation effects from open-loop recording data is proposed. If these effects are removed from a signal, the frequency of the processed signal will become constant with respect to time, and the use of long-time integration becomes possible. Figure 8 shows the frequency model of an original received signal from a spinning-type spacecraft. The frequency change caused by orbital Doppler shift and spin modulation can be well modeled by the equations given in this figure. It is important to estimate the parameters ) , , , , , ( C B A c b a to remove these effects, and the estimation algorithm is proposed in the following part.
The analysis process for open-loop recording data is shown in Fig. 9 . According to each process, several types of highly important information about a spacecraft can be obtained. Initially, the orbital Doppler shift effect is removed from the data by DFT analysis with sufficiently large RBW to avoid the spin modulation effect. If a signal can be detected by this process, a spacecraft can be acquired. Once the orbital Doppler shift effect can be removed, more precise analysis with small RBW to remove the spin modulation effect can be performed. Several types of useful data can be subsequently obtained, such as in-formation about the spinning state of a spacecraft, range rate data and beacon data. Furthermore, if the phase of a signal is synchronized, it will also be possible to obtain range data and telemetry data, even when the signal is weak enough to prevent obtaining these data by real-time processing. However, this process has not been implemented yet and should be investigated in the future.
Algorithm
First, the frequency of an input signal ) ( n s is modeled by the equation below.
Then, the modeled signal at time  is given as follows. 15) 
Analysis Result
Removing the orbital Doppler shift effect
A long integration time is necessary for processing a weak signal. In this section, DFT analysis results obtained with large RBW to avoid the spin modulation effect are shown.
Figures 11 and 12 show the result obtained by processing the same signal shown in Fig. 7 with longer integration time and without removing the orbital Doppler shift effect. The peak of the signal frequency can be clearly seen in Fig. 11 , although no such peak appears in Fig. 7 . This DFT analysis used an integration time of 5 minutes, as stated in Table 1 , and thus, the practical SNR is sufficiently improved to show a peak trend. Figure 12 shows the power spectrum of each frequency at 2:20, which is called a periodogram. A peak appears in the center of this periodogram, but the power is dispersed and the peak has a wide band-width. This problem ascribed to the orbital Doppler shift, which causes the peak frequency to not be constant.
By contrast, Figs. 13 and 14 show the result obtained by re-moving the orbital Doppler shift effect but using the same integration time. These figures show that the peak becomes sharper and that the back ground noise becomes relatively small. This analysis was based on a comparatively rough frequency shift prediction from the orbit propagation of IKAROS. 6) After per-forming this signal processing, however, a more accurate analytical frequency model can be obtained in Fig. 8 and Eq. (12). Figure 15 shows the result of processing the whole open-loop tracking data obtained from the search operation on April 16, 2015. This DFT analysis was performed over a wider frequency range and using the same calculation conditions as in Fig. 13 . Briefly, Fig. 15 is a zoomed-out spectrogram of Fig. 13 . Two peak frequency trends appear around 0 to 5 kHz and 15  to 10  kHz corresponding to two subcarrier peaks. These two peaks appear intermittently, mainly because the operation team attempted many antenna direction patterns to find IKAROS, as shown in Fig. 16 . Comparing Figs. 15 and 16 , the peaks appeared only when the antenna was directed using a single appropriate combination of right ascension and declination, which is expressed as the blue region in Fig. 16 . Consequently, we successfully established communication between IKAROS during the next week operation on April 23, 2015, by applying this open-loop recording method. It should be noted that the peaks disappear at approximately 2:30 and re-appear at approximately 3:00. This occurred because the ground station swept its frequency during that period, and as a result, IKAROS locked onto the signal from the ground; thus the transmitting frequency of IKAROS changed every moment during the sweep.
These figures show that the signal from IKAROS could not be acquired by the real-time operation, and therefore, many antenna direction patterns were tried. However, when the open-loop tracking data were post-processed, the clear peaks became evident after long-time integration with the appropriate calculation conditions. We conclude that the post-processing method proposed here using open-loop tracking data is highly advantageous compared with real-time processing.
Removing the spin modulation effect
The analysis described in the previous section used large RBW to avoid the spin modulation effect, and therefore an analysis with smaller RBW after removing this effect must be per-formed to obtain further information, as shown in Fig. 9 .
The first step of this analysis is to determine optimal parameters ) , , , convergent calculations. Initial solutions are required for this calculation, and those of a, b and c, which express the orbital Doppler shift effect, can be immediately obtained based on the results of the previous analysis. Parameter A expresses the spin amplitude, and even a comparatively rough initial solution is known to provide valid optimization calculation results. By contrast, parameters B and C , which express the phase of the spinning motion and spin rate, respectively, determine the shape of the sinusoidal frequency wave, and the calculation results largely depend on the initial solutions of these two parameters.
In order to obtain appropriate initial solutions for B and C , a grid search calculation should be performed before the convergent calculation. Using these values, convergent calculations to solve all of these parameters can be performed. As a result of this calculation, the spinning motion of IKAROS can be estimated as shown in 
can also be obtained, as shown in Fig. 19 . Compared with Fig. 13 , more detailed frequency analysis which is sufficient to trace a sinusoidal peak frequency shift can clearly be achieved. From this figure, it can be concluded that even when a signal is very weak, its frequency can be analyzed by applying DFT, as for the strong signal case shown in Fig. 6 . Moreover, range rate data can also be obtained immediately because the data can be used to observe Doppler shift. Figure 20 is the periodogram at 2:20, which has a wider frequency range than that in Fig. 19 . Two frequency peaks corresponding to subcarriers appear in this figure and can also be seen in Fig. 15 . Moreover, the frequency peak of a main carrier appears near the center of this figure which is buried in noise and does not appear in Fig. 15 . This result also confirms the validity and the usefulness of this method. The reason why the right peak has larger power than the other two is that the orbital Doppler shift effect and the spin modulation effect were removed based on the frequency of the right peak, although Doppler shift effect differs slightly according to the frequency.
It should be emphasized that these signal-processing methods requiring long integration times and iterative numerical calculation processes are possible because they are used for the post-processing of open-loop tracking data.
Conclusion
We successfully re-established communication with IKAROS, which was rebooted after hibernation mode, on April 23, 2015. This was the fourth time that acquisition has accomplished, but in this instance, re-acquisition was achieved in a way that differed from the previous three times: by post-processing open-loop tracking data recorded on April 16, 2015, a week before acquisition.
The algorithm of discrete Fourier transform (DFT) based on open-loop tracking data was proposed in this study. This algorithm utilizes the advantage of the open-loop recording method, which enables complex and iterative processing, and long-time integration. The analysis results obtained by applying the proposed method to the actual signal from IKAROS are also shown. The signal was shown to be well analyzed by re-moving the orbital Doppler shift and the spin modulation effect, even when the signal is too weak to be acquired by real-time operation.
In addition to detect signals, estimating the spinning motion of a spacecraft, and acquiring range rate data and beacon data are possible using the proposed approach, even under difficult communication conditions. Furthermore, range and telemetry data may be obtained from a weak signal of a spinning-type spacecraft stored using an open-loop recorder; this is the subject of a future study.
